We have studied the effects of temperature on the properties of strange stars. We find that the maximum mass of the strange star decreases with the increase of temperature, because at high temperatures the equation of states become softer. Moreover, if the temperature of a strange star increases keeping its baryon number fixed, its gravitational mass increases and radius decreases which leads to a limiting temperature where it turns into a black hole. These features of strange stars is a combined effect of change of gluon mass and the quark distribution function with temperature. We have discovered a new kind of radial oscillations of strange stars driven by what we named chromo-thermal instability. This instability and the related radial oscillations of the star is inherent to strange quark matter making strange stars even more exotic than neutron stars within astrophysical context. In particular, we discuss the relevance of our findings in the astrophysics of core collapse supernovae and gamma ray bursts.
INTRODUCTION
Though proposed long time back, the existence of Strange Quark Matter (SQM) and Strange Stars (SS) are not till beyond scepticism. Due to lack of direct evidence for the existence of strange star, we are looking for indirect ones which are becoming more prominent because there are some observed features from compact objects that cannot be explained by the standard neutron star models. Let us first discuss few of them.
Recently absorption lines at 0.7, 1.4, 2.1 and 2.8 keV has been seen in the X-ray spectrum of the isolated compact star 1E 1207.4−5209 (Bignami et al. 2004) . These types of harmonic absorption lines were observed previously in some other sources like J1210−5226, RX J1856.−3754 etc. and explained as the consequences of compressional modes of surface vibrations of strange stars (Sinha et al. 2003) . Strange stars can produce such oscillation as they have sharp surfaces and are self bound with zero pressure at surface where energy per baryon (E/A) is minimum and the density is non-zero. Such harmonic compressional modes are not possible for a neutron star because of the lack of minimum in the E/A which results in the absence of a sharp surface. Quasi Periodic Oscillations (QPOs) of two sources 4U 1636−53 and KS 1731−260 has been interpreted from the hydrodynamical description of accretion disk around a rapidly rotating strange star (Mukhopadhyay et al. 2003 ). Another feature, superbursts, faces difficulties in using the standard carbon burning scenario within neutron star models. Sinha et al. (2002) predicted that an alternative scenario can be the formation of diquark pairs on the strange star surface and their subsequent breaking -giving a continuous and prolonged emission of energy that can be comparable with that emitted during the superbursts.
Therefore it is very tempting to study the properties of SSs and while studying the SS properties, one should try to match theoretical predictions of their unique properties in the astrophysical context (e.g. mass, radius) with different astronomical observations. One such property is the temperature dependence of the SS mass and radius as it cools or heats up which can occur during mass accretion events. In this paper, we show how the effect of temperature can soften or stiffen the equation of state (EoS) of SQM leading to a decrease or increase of the maximum mass of the SSs and giving rise to what we refer to as the chromo-thermal instabilities. This newly discovered instability has interesting implications within astrophysics as we discuss in this paper.
There are several EoSs for SQM, like Bag model (Alcock et al. 1986 , Haensel et al. 1986 , Kettner et al. 1995 , perturbative quantum chromodynamics (QCD) model (Fraga et al. 2001 ), chiral chromodielectric model (Malheiro et al. 2003) etc. But in all these models, the effect of finite temperature was not studied so well which we are now going to do with our relativistic mean field model (Dey et al. 1998; Bagchi et al. 2006) for SQM. The other novelty in our model is that here chiral symmetry is restored at high densities due to the introduction of a density dependence of quark masses. The paper is organized as follows: our model for SS is briefly discussed in § 2 and § 3 is devoted to the study of SS properties at finite temperatures and its possible collapse to a black hole. In § 4, we have discussed the relevance of our results in the astrophysics of core collapse supernovae and gamma ray bursts (GRBs).
THE MEAN FIELD MODEL FOR STRANGE STARS
Strange stars are more compact than the conventional neutron stars and fit into the Bodmer-Witten hypothesis for the existence of strange quark matter. In the relativistic Hartree-Fock calculation of strange quark matter EoS, Dey et al. (1998) used a phenomenological inter-quark interaction, namely the Richardson poten-tial (Richardson 1979) . They were able to produce very compact stellar structure with a mass of about 1.44 M ⊙ and a radius of about 7 km. The original Richardson potential takes care of two features of inter-quark force namely asymptotic freedom and confinement, however with the same scale which is not true from theoretical considerations.
Later, strange star properties have been calculated with a modified Richardson potential which has different scales for AF and confinement -deconfinement mechanism. The scale values were obtained from baryon magnetic moment calculation (Bagchi et al. 2004 ). In this model, chiral symmetry restoration at high density is incorporated by assuming that the quark masses are density dependent and a temperature dependence of gluon mass is considered in addition to its usual density dependence. The gluon mass represents the medium effect and eventually screens the potential with identification of the inverse screening length as the gluon mass. The temperature effect through Fermi function is also incorporated. It is ensured that in strange quark matter, the chemical potentials of the quarks satisfy β equilibrium and charge neutrality conditions. The parameters of the model are adjusted in such a way that the minimum value of E/A for u,d,s quark matter is less than that of Fe 56 , so that u,d,s quark matter can constitute stable stars. The minimum value of E/A is obtained at the star surface where the pressure is zero. However, the minimum value of E/A for u,d quark matter is greater than that of Fe 56 so that Fe 56 remains the most stable element in the non-strange world. With the obtained EoSs, Tolman-OppenheimerVolkov equations for hydrostatic equilibrium are solved to get the structure of the stars for different temperatures (Bagchi et al. 2006) .
TEMPERATURE EFFECT ON STRANGE STAR

PROPERTIES
We have studied temperature effect on strange quark matter EoSs and its consequence to mass and radius of the strange stars. We find that the increase of temperature softens an EoS (Fig. 1a) resulting a different curve in the mass-radius parameter space with a lower value of maximum mass (Fig. 1b) for the strange star. The figures also reveal the fact that if an EoS is stiffer than another at a given temperature, then it will remain the same even at a different temperature. Here we have used the stiffest (EoS A) and the softest (EoS F) EoSs obtained in our model (Bagchi et al. 2006) . The change in EoS is due to a combined effect of the change of gluon mass and the quark distribution function (Fermi function) with temperature which also changes the number densities of the quarks 5 . As a result, the properties of strange stars become unique and interesting which we are going to discuss next.
To illustrate the effect of temperature on the behavior of strange star, we chose the softest EoS (EoS F). The mass -radius curves at different temperatures for this EoS are shown in Fig. 2a . We also found that for a fixed total baryon number, a higher temperature corresponds to a higher mass of the star implying that the effective masses of the constituent particles are higher at 5 The details about how the effect of temperatures comes into the pressure, energy density and number density of SQM can be found in Bagchi et al. 2006 . higher temperatures. On the other hand, for a fixed total baryon number a higher temperature corresponds to a smaller radius of the star implying that the constituent particles are closer to each other.
Another interesting property clearly shown in (Fig. 2a ) is the decrease of the maximum mass of strange stars with the increase of temperature which can be fitted as :
where M max, T (M ⊙ ) is the maximum mass (in the unit of solar mass) of the strange star at a temperature T MeV, M max, 0 (M ⊙ ) is the maximum mass of the strange star at a temperature 0 MeV and a is a parameter. As an example, EOS F gives M max, 0 (M ⊙ ) = 1.4485 and a = 0.0047 6 . The fit quality is very good as can be seen from Fig. 2b where the solid line represents the fit and the "+"s indicate maximum masses at different temperatures. The maximum mass star also corresponds to maximum baryon number. It is also observed that the baryon number of a maximum mass star at a certain temperature is greater than that of maximum mass stars at higher temperatures (Table 1) . These maximum masses denote instabilities for accretion process which increases the star's temperature and if there is accretion onto a 3.1. Chromo-thermal oscillations and collapse to a black hole We now discuss a new kind of instability we discovered and named, chromo-thermal instability which is inherent to the effect of temperature on gluon mass and the quark distribution. This instability may lead to radial oscillations of the star as its temperature changes. As an example, the strange star could be heated during accretion and its baryon content increases. But this baryon number accumulation is insignificant with respect to total baryon number of the star for a small time of accretion because SQM is much more dense than the normal accreting matter. As such we assume that the baryon number is kept constant during heating of the star.
In Fig. 3 , different probable paths or iso-baryon lines (dashed lines) are shown corresponding to different initial masses and temperatures of the star. When the star reaches a temperature such that the maximum mass corresponding to a higher temperature has a baryon number less than this line, then it will collapse to a black hole.
Let us now discuss few specific examples as depicted in Fig. 3 starting with high-mass SSs. If the SS has initial mass 1.3 M ⊙ at 0 MeV, when heated during accretion it will become a black hole before reaching 10 MeV. On the other hand if an SS with mass 1.2 M ⊙ has initial temperature 0 MeV, it will remain a SS when heated to 10 MeV but will collapse to a black hole before reaching 30 MeV. For a SS with an initial mass 1.0 M ⊙ and initial temperature between 0 and 10 MeV, then it will collapse before reaching 50 MeV but if the initial temperature is 30 MeV, then it can go up to 50 MeV. It is clear from Fig. 3 that the lower the initial mass of the strange star the higher is the temperature it can sustain. But it is to be remembered that here we have used only EoS F, for stiffer EoSs, one will get higher values of masses than quoted here.
If there is no simultaneous cooling, or when cooling is negligible, during accretion, the star will move from one M-R curve at a lower temperature to another at a higher temperature following an iso-baryon line as shown if Fig.  3 . If the heating and cooling are simultaneous and comparable, then the star will remain in its initial temperature unless the baryon number increases significantly in which case the star will move to a higher mass along the same M-R curve (i.e. temperature remaining the same). However, if the heating and cooling are comparable but not simultaneous, then the star will first be heated and then cooled and will oscillate between a higher temperature and a lower temperature M-R curves along an isobaryon line. This means first there will be increase in the star's mass with decrease of radius and then the decrease in mass with increase in radius. This subsequent increase and decrease in the radius is the radial oscillation driven by chromo-thermal instability discovered in the present work.
As an example of oscillation, let a star have initial mass 1.0 M ⊙ , temperature 10 MeV ( point (i) in Fig. 3 ) -when it is heated to a temperature of 30 MeV, it will come to point (ii) in Fig. 3 . Then cooling starts and the star will return to the point (i). If accretion is still occuring, this breathing process continues untill baryon number increases significantly at which point the star finds itself on another iso-baryon line.
More complex behavior will be expected if the heating and cooling are not simultaneous and the cooling is less dominant.
ASTROPHYSICAL IMPLICATIONS
4.1. Core collapse supernova In a core collapse supernova, there is possibility of production of either a neutron star or a strange star or a black hole. Whichever be the product, it will be at a high temperature due to tremendous energy generation during the core collapse. The supernova temperature is so high that only a low mass strange star can sustain this temperature (even for the stiffest EoSs shown in Fig. 1 ). But it seems unlikely that small strange star (< 1M ⊙ ) could form through core collapse. So for the EoS we adopted, it is more preferable that first a neutron star is born during the supernova, then it rapidly comes to a low temperature by neutrino cooling and after that it is converted to a strange star (e.g. Staff et al. 2006b ). The intermediate neutron star stage would lead to a delay between a supernova and the subsequent strange star formation which could have interesting implications to model of GRBs involving strange stars (Staff et al. 2006a ).
Gamma ray bursts
The idea that a GRB could be powered by the conversion of a neutron star to a strange star was considered by Cheng & Dai (1996) and Bombaci & Datta (2000) . According to them, a neutron star will convert to a strange star keeping baryonic mass conserved i.e. M B (N S) = M B (SS) and the energy released during the conversion process is the difference of the binding energy. They have found the conversion energy ∼ 10 53 ergs and they believed that the conversion energy will be emitted in the form of γ-rays giving rise to GRB, but like Olinto (1987), we believe that the conversion energy will release in form of neutrinos. There are different other models like "failed" supernova model of Woosley (1993) . But all these models were proposed in pre-Swift era when the early afterglow was not seen. The recent launch of Swift satellite has revealed some new interesting features of the post GRB light curves which can not be easily explained by these models. So building a new model becomes essential. This may be a three step process in the framework of "Quark Nova" scenario Keränen et al. 2005) . In this model, the conversion of a neutron star to a strange star and a strange star to a black hole is involved. Here, some mass will be ejected during the neutron star to strange star conversion process making M B (SS) < M B (N S) and GRB occurs after the conversion due to the jet from the accreting strange star (see Ouyed et al. 2005 for details). Depending on the mass and temperature of the strange star and on the accretion rate, the strange star may collapse to a black hole as proposed in this paper. The accretion onto the black hole will give rise to an ultra-relativistic jet causing the giant flares observed in some GRB afterglows. The details about this three stage scenario can be found in Staff et al. (2006a) .
So we conclude that our findings in this work might be of relevance to astrophysics (specifically in the study of supernovae and GRBs) and further work in this connection will be interesting.
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